The effective nuclear charges (Z.,ff), which are empirical parameters in an approximate spin-orbit Hamiltonian, are determined for main group elements in the second to fifth periods by using experimental results for the fine structure splittings (FSS) in II states of diatomic hydrides. All calculations use full valence multiconfiguration self-consistent field (MCSCF) wave functions with the effective core potential (ECP) basis sets proposed by Stevens et al., augmented by one set of polarization functions. These effective nuclear charges are tested by predicting the FSS in many diatomic molecules and are then applied to evaluate the relativistic potential energy curves of the methylene analogs AHz (A = C, Si, Ge, and Sn), as well as XHX and NaX (X = Br and 1).
Introduction
Development of new or enhanced computational capabilities improves our ability to use theory for the prediction of properties and reactivities of chemical compounds. 1 In such theoretical investigations the effects of electron correlation are often important, since there are many electrons in these molecules. Relativistic effects can also play an important role in determining the energetic order of electronic states, as well as the nature of reaction paths, when heavy elements are contained in these molecules. Because of recent advances in theory and code development, it is becoming straightforward to estimate the effects of electron correlation using such methods as perturbation theory, 2 configuration interaction 3 (CI), multiconfiguration selfconsistent field 4 (MCSCF), and coupled-clusters. 5 On the other hand, there are few general codes available to treat relativistic effects such as spin-orbit and spin-spin couplings in polyatomic molecules. The development of the needed formalism for the full Breit-Pauli spin-orbit Hamiltonian in terms of Gaussian integrals has been implemented in some research programs 6 -8 but is not generally available. A more widely applied method uses a one-electron operator based on the difference potential !:1U extracted from large and small component spinors.9,JO
The simplest method of computing the spin-orbit interaction uses the one-electron term of the Breit-Pauli Hamiltonian, Hso = (a in which a is the fine structure constant and L and S are orbital and spin angular momentum operators for electrons i and nuclei A. Here, the nuclear charge Z is replaced by a scaling parameter Zerf in order to approximately account for the missing twoelectron spin-other orbit term. Typically, these are chosen to reproduce experimental or calculated atomic spin-orbit interac-* To whom correspondence should be addressed.
®Abstract published in Advance ACS Abstracts, August !, 1995.
0022-3654/95/2099-12764$09.00/0 tions. This model has been used for several approximate calculations 1 1.1 2 as well as work using more exact wave functions. 13 -17 Its numerical basis 18 is that the two-center oneand two-electron terms approximately cancel for lighter elements. Of course, use of such an empirical operator can ultimately be judged only by how well it works in practice.
Most previous work done with this operator involved only a few chemical elements (primarily Si, U, and Th), and thus, little systematic information on the errors of this approximation is available. The available work is summarized in ref 9b, where the authors criticize this form of H, 0 on the grounds that their one-electron !:1U operator does not show a r-3 dependence but admit that the Zeff operator "yields good qualitative, and in some cases, quantitative results".
In a previous paper 19 we obtained good numerical results from such scale factors for all-electron calculations on light (second and third period) elements. Therefore, in the present work we propose effective nuclear charges for second, third, fourth, and fifth period main group elements for use with a standard relativistic effective core potential (ECP) basis set. Our motive in working with ECP basis sets is that these already incorporate the effects of mass-velocity and Darwin relativistic corrections into the averaged core potentials, and thus are preferable to allelectron basis sets for heavy elements. Since the primary influence of these spin-free relativistic effects is on core orbitals, their indirect inclusion via ECPs permits valence electrons to move in the field of a relativistic core. This is normally considered to include their predominant effect; 20 therefore, the remaining valence electrons are treated with the usual nonrelativistic Hamiltonian, to which the above approximate Zerf spinorbit term is added.
The ECP effective nuclear charges are used to compute fine structure splittings (FSS) in a series of diatomic molecules, as the energy differences between states after diagonalization of HNR + H,o, in a numerical test of the accuracy of this form of Hso· Application is then made to diatomic and triatomic © 1995 American Chemical Society surfaces, namely the dihydride AH2 analogs to methylene (A = C, Si, Ge, Sn), as well as XHX and NaX (X = Br, 1).
Method of Calculation
Effective core potential basis sets 10 · 21 · 22 are commonly used for the heavier elements, especially since they contain relativistic effects in the potentials. The ECP bases designed by Stevens, Basch, Krauss, and others 21 (SBK) are used in this study because they have the most flexible valence basis sets. In order to obtain more reliable results, the SBK heavy atom basis sets were augmented with one set of d functions, 23 and one set of p functions was added to the -31 G basis set 24 for hydrogen. Multiconfiguration self-consistent field (MCSCF) wave functions are used throughout,2 5 with all valence orbitals and electrons included in the active space. The full valence space type computations can thus be summarized as MCSCF/SBK- (d,p) . The state-averaged MCSCF method was employed to ensure the correct treatment of symmetry in degenerate states.
As in our previous work, 19 the effective nuclear charges were chosen to reproduce the experimental fine structure splittings (FSS) of low-lying doublet and triplet TI states in diatomic hydrides AH. Only the interactions between the two components of the TI states were considered, unless otherwise specified. The Z.rr determined in this manner were then tested by predicting the FSS values for low-lying TI states in a series of diatomic molecules AB. Analogous FSS calculations were performed using the 3-21G (d,p) basis set 26 in order to understand the effects of using valence SBK (d,p) orbitals which are missing the radial nodes. Where appropriate, we use different orbitals for states of different multiplicities. Corresponding orbital transformations allow the active space of singlet and triplet states, say, to be optimized for that multiplicity. 27 Other computational details for the polyatomic applications will be described below. All calculations were performed using the quantum chemistry code GAMESS. 28
Results and Discussion
Determination of Zerr· Effective nuclear charges for the main group elements (Li through I) are listed in Table 1 , together with the FSS of low-lying TI states 29 in their diatomic hydrides (AH). These MCSCF/SBK (d,p) Zerr values are given by the following formula:
where Z is the true nuclear charge and n is the number of valence electrons. The semicore SBK basis set was used for Ga and In, which results in different fm values. Acceptable fits to experimental data (within 10%) were obtained for Na to I without makingfm a function of the number of valence electrons. Serious disagreement is found only for BeH and SrH, which will be discussed in the next section.
For Li-F, the Z.rr calculated here using the SBK(d,p) basis set are very nearly identical to those determined using MCSCF/ 6-31G (d,p) (d,p) 
are essentially identical for the ECP and all-electron bases, since both have nodeless 2p orbitals. On the other hand, very large SBK(d,p) Z.rr values are needed for Na-1 in order to reproduce the experimental FSS of diatomic hydrides. Other workers 13 · 15 .1 7 have noted similar large scale factors when using ECP basis sets. The explanation given 15 · 17 is that Zerr is called upon to compensate for corresponding errors in the expectation value (r-3 ). The reason for the ECP error in this expectation value is that the pseudo-orbitals go to zero at the nuclei and have no radial nodes and, therefore, are much less accurate than allelectron orbitals in the small r region. In order to firmly demonstrate that these large factors are strictly due to using ECP basis sets, we also carried out FSS calculations using the 3-21G (d,p) basis set. This is one of the few all-electron basis sets which exists for all of the heavier main group elements, and our MCSCF/3-21G (d,p) Thus, all-electron scaling factors range from 0.50 to 1.24 times the true nuclear charge throughout the periodic table. The very large scaling factors for the SBK (d,p) basis set should thus be regarded less as effective charges than as empirical parameters, to be judged by how well they reproduce experimental values in systems other than the AH species for which they were obtained. Table 2 , there are useful experimental data 29 for 118 states. The error in the calculated FSS is less than 10% for more than half ( 61) of these and less than 30% for more than two thirds (86) of the cases. For the molecules which are most seriously in error, there are generally large discrepancies for both the SBK and the all-electron calculations. The likely origins of these serious disagreements are discussed in the following paragraphs.
Diatomic Molecules AB.
As shown in Tables. 1 and 2 , FSS for Be compounds are overestimated by about 50% (BeH (51%), BeF (+53%), BeCl (+52%), and BeBr (65%)). Similarly, the calculated FSS for Sr and Ca compounds are generally 75% and 140% of the experimental values, although SrO has an error of 239%. There are insufficient experimental data for Mg compounds to be certain if similar errors exist for this element. Thus, the Zeff values proposed here are inaccurate when applied to alkaline earth metals (Be, Ca, Sr) and should not be used. The all-electron results have similar errors for Be but are better than the SBK results for Ca and Sr. For example, the MCSCF/3-21 G( d,p) predictions for Sr compounds are SrH ( -1% ), SrO (+8%), SrF (-9%), SrCl (+3%), SrBr (+6%), and Sri (+16%). At the suggestion of a referee, we tried using a semicore RECP 10 c for Sr. A smaller Zeff = 33 x Z (based on In's Zerr) gave results for SrH (FSS = 222 cm-1 , error= 26%) and SrO (FSS = -121, error= 73%) closer to experiment values (+300 and -70, respectively) than the SBK basis does (+161 and -237, respectively). These results could indicate semicore ECPs are important for alkali earths, but they could simply mean that the scale factor for these compounds should be smaller than that employed for the rest of that period.
Huber and Herzberg 29 give -3.6 cm-1 for the FSS in the Tables 1 and 2 are in accordance with this rule. Therefore, a negative FSS would presumably arise from a n 3 excited state in MgCl. We find the lowest n 3 state to be higher than the n 1 state by about 7000 cm-
1
• It is conceivable that the order of these n 1 and n 3 states could be reversed by a multireference Cl, but our calculated FSS of -541 cm-1 for the n 3 state is inconsistent with the experimental value of -54 cm- The experimental value (110.1 cm-1 ) in BrMg is given as a spectral splitting, and the electronic states are not assigned explicitly. The experimental value in Teo+ refers to peaks overlapped by impurities and is unreliable. The experimental FSS in 2 II TeCl and TeBr were obtained under the assumption that there is no spin-orbit coupling in the second excited state (Zd) . Because the FSS in the 2 d states of these molecules are predicted to be nonzero in our calculations (307 and 584 cm-1 for TeCl and TeBr, respectively), the calculated FSS in the ground states (ZII) of these molecules might not be comparable with the experimental ones.
Aside from the alkaline earth compounds, the SBK(d,p) error is less than 10% for 60 states, less than 30% for an additional 21 states, and over 30% only for the 11 cases of C 2 +, AIS, SeC, IAl, Gal, Ini, Br 2 , MgCl, Teo+, TeCl, and TeBr. As discussed above, for C2+, Teo+, TeCl, and TeBr there is ambiguity in the experimental analysis. We may compare the quality of the SBK (d,p) results to those for 3-21G (d,p) , for which 65 states are within 10% of experimental values, 14 within 30%, and 12 over 30% (an additional large error occurs for IO). The results for the two basis sets are thus much the same, in spite of a very great difference in the magnitude of the Zerr values between the two. In general the error seems to be less than 30%, which implies this method should be useful for a qualitative understanding of spin-orbit coupling effects in polyatomic molecules. In the following discussion, this method is applied to the studies of three interesting potential energy surfaces. (Re) is the distance in the ground state; [Rel is that of its neutral species; (Re) is the distance optimized in this study. bThe values are estimated by using all-electron calculations: the MCSCF/6-31G (d,p) method is used for the first-and second-row atoms and FSS of molecules that contain a third-or fourth-row atom are calculated by means of the MCSCF/3-21G(d,p) method. '"?" indicates that the sign of FSS has not been determined. FSS is observed as a spectral splitting, which means that the experimental values are not corrected with respect to molecular rotation and vibration. (FSS) for SeF has been predicted by Brown, Byfleet, Howard, and Russell (Mol. Phys. 1972, 23, 457) . Its observed FSS is -560 cm-1 (Carrington, A. Chern. Phys. 1969 , 50, 2726 
• FSS is recalculated using better wave functions. See the text for detail.
Methylene Analogs. Bend potentials for the methylene analogs (AH 2 , A = C, Si, Ge, and Sn) have been computed. Figure 1 illustrates the potential energy curves of three lowlying electronic states (IA 1 , 1 B 1 , and 3 B 1 ) as a function of the H-A-H angle. The orbitals for the singlet states were obtained by means of state-averaged MCSCF/SBK (d,p) and that of the triplet states by the usual MCSCF/SBK (d,p) calculations. The spin-orbit Hamiltonian matrices include the lowest 20 virtual singlets and triplets (80 total spin substates).
The adiabatic potential energy curves of CH2 and SiH2 have been reported by several groups, 33 -35 and our results are in quantitative agreement with them. In the relativistic calculations, one triplet substate is predicted to undergo an avoided crossing with the lowest singlet state, close to the energy minimum of the lowest adiabatic excited state. This is a singlet state in CH2 and a triplet state in SiH2, GeH2, and SnH2. The energy splittings between these two states at the bond angle where the adiabatic crossing occurs are 28 (CH2), 142 (SiH2), 936 (GeH2), and 2334 cm-1 (SnH2). The large spin-orbit coupling in GeH2 and SnH2 suggests there may be fast intersystem crossing between the lowest singlet and triplet states. So, it might be difficult to observe chemical properties of the second electronic state in the heavier systems. The spin-orbit coupling also tends to increase the singlet-triplet separations somewhat.
Exchange Reaction X + HX. The exchange reaction I + HI has been studied using femtosecond transition-state spectroscopy.36 Several calculated potential energy surfaces3 7 for this reaction have been reported, and many dynamics studies 38 have been carried out. Here, we consider the transition-state geometries for this exchange reaction for X = I and Br. Figure 2 illustrates the adiabatic and relativistic potential energy curves of three low-lying states (~u +, llg. and llu at the linear structure) as a function ofi-H-I angle at the transitionstate geometry [R(H-I) = 1.879 A]. We performed MCSCF calculations followed by first-order CI calculations, with one set of diffuse sp functions added to the SBK (d,p) basis set of the I atoms. 39 The ground state CZ~u + if linear) has a very shallow energy minimum within Czv symmetry at an I-H-I angle of 153°, but incorporation of spin-orbit coupling removes this bent structure from the ground-state potential curve, suggesting that the transition state has a linear structure. This result agrees with that reported by Yabushita. 40 We also obtained the adiabatic and relativistic bending potential energy curves of three low-lying states at the transition-state geometry of Br-H-Br [R(H-Br) = 1.673 A; see Figure 3 ]. Both adiabatic and relativistic curves of the ground states have a very shallow Czv energy minimum near a bend angle of 150° so that the transition state of this reaction may have a bent structure.
Photodissociation of NaX. Multiphoton dissociation reactions of Nal and NaBr are also of interest in femtosecond transition-state spectroscopy.
.4
2 The dissociation path is as follows. The photoexcitation from the ground ~ state (ionic state) of NaX to the first excited IT state (covalent state) is followed by a delayed photoexcitation from the rr state to higher states which correlate with Na(ZP) + X(ZP) in the dissociation limit. The initial IT excited state correlates with Na(ZS) + X(2P).
The time evolution of the photoemission, corresponding to the transition from NaCZP) to Na(ZS), is observed in order to study the dissociation dynamics of NaX. Here, we report the potential curves for X = Cl, Br, and I. Figure 4 depicts the adiabatic and relativistic potential energy curves of low-lying electronic states in Nai, calculated using the MCSCF method with the SBK (d,p) basis set augmented by one set of diffuse sp functions for both Na and X atoms. The state-averaged MCSCF calculations include all singlet states that correlate with Na(ZS) + I(ZP), Na(ZP) + I(ZP), and Na+(ls) + Adiabatic energy curves (Figure 4a ) cannot be employed in the study of the dissociation dynamics because of the large energy splitting of the I(2P 312 ) and I(2P 112 ) states. Our preliminary analysis suggests the following dissociation processes. The relativistic calculations lead to strong mixing between A I rr and 3 ll states, as shown in Figure 4b . We denote this type of spinmixed state by the notation lA + a). The transition moment and excitation energy from the ground state X to lA + a) is (XI riA + a)= 2 x 0.469 = 0.938 bohr, AE = 27 938 cm-1 A second spin-mixed state also would play an important role in the initial photoexcitation:
(XIriB +a)= 1.670, AE = 29 512
The former transition moment goes to zero at the dissociation limit, but the latter does not vanish at dissociation. The delayed laser pulse would promote the system to one of the following four states:
(A+ alriD +c)= 2 x 2.410 = 4.820, tlE = 13 028 (A+ alriC+ d)= 2 x 2 x 2.440 = 9.760, tlE = 13 232 (A+ alriE +e)= 2 x 2.367 = 4.734, tlE = 13 734 (B + alriG +c)= 2 x 3.126 = 6.252, ll.E = 11 973
The first three of these excited states correspond to atomic 2 P sodium at the dissociative limit. Our calculations (15 890 Koseki et al. underestimate the energy difference between 2 S and 2 P Na by about 6% (experimental value, 16 959).
In a subsequent paper, we will study the dissociation dynamics using these relativistic curves. In relation to this study, we have also obtained the relativistic potential curves of NaBr and NaCI. Their potential shapes are very similar to those of Nal, but the spin-orbit splittings of the 2 P states of Brand Cl in the dissociation limit are much smaller than those of I. Therefore, it may not be necessary to obtain their relativistic potential energy curves, as the adiabatic curves might be sufficient for the qualitative study of the dissociation dynamics in NaBr and NaCl.
Summary
We have proposed a series of effective nuclear charges for spin-orbit coupling calculations within a one-electron approximation to the spin-orbit Hamiltonian by means of the MCSCF/SBK(d,p) method. Although some disagreements between the calculated and experimental results were found in J. Phys. Chern., Vol. 99, No. 34, 1995 12771 -.
--.---... the prediction of fine structure splittings for diatomic AB molecules, the results for most (apart from alkaline earths) are within about 30% of experimental values. In spite of the Zerr scale factors for the SBK ECP basis set being much larger than those for 3-210, the AB diatomic test results for the two basis sets are for the most part quite similar. Encouraged by these qualitatively reasonable results, we have used the scale factors for the ECP basis sets to predict some consequences of spinorbit coupling on potential curves. These include possible intersystem crossing routes for the first excited state in heavy methylene analogs and a linear transition state in the IHI system. We plan to investigate the reaction dynamics of heavy atom compounds using these effective nuclear charges. The determination of the effective nuclear charges for the first-and second-row transition metals is in progress.
